ABSTRACT: We analysed changes in variability characteristics for 2 indices quantifying winter (WCT: wind chill equivalent temperature chart index) and summer (THI: temperature− humidity index) thermal stresses at a high spatial resolution across Romania for the period 1962− 2010. The linear trends, and shifts in the mean and main modes of variability were examined using nonparametric tests (Mann-Kendall and Pettitt) and empirical orthogonal function (EOF) analysis. The physical mechanisms responsible for the identified characteristics of variability were examined through canonical correlation analysis (CCA). The results showed a significant upward trend for both indices over the entire country, except for some areas for WCT, with a significant upward shift around the year 1987 for winter and 1985 for summer. A strong increase in the frequency of extremely high THI values was revealed, indicating an increased risk to human health during summers in Romania after 1985. However, the upward trend in WCT would indicate a decreased risk of human health during winters in Romania after 1987. The main large-scale mechanism responsible for the spatial and temporal behaviour of the 2 stress indices was given by the first CCA pair, showing that the increasing trend was mainly explained by the increasing trend in the temperature at 850 hPa covering Romania simultaneously with an increasing trend in zonal circulation (WCT) and an increasing trend in specific humidity at 700 hPa (THI). On a decadal/multidecadal time scale, the variations in the 2 indices are modulated by the North Atlantic Oscillation (winter) and the Atlantic Multidecadal Oscillation (summer).
INTRODUCTION
Many studies support the conclusion that most analysed global land areas have experienced a significant increase in temperature extremes since around 1950 (e.g. Alexander et al. 2006 , Orlowsky & Seneviratne 2012 , Donat et al. 2013 , while the cold extremes have decreased. One of the main reasons for this phenomenon, besides natural factors, is re lated to global warming due to increasing greenhouse gas concentrations. Several high-profile heat waves have occurred in recent years, e.g. in Europe in 2003 (Beniston 2004 , Chase et al. 2006 , Russia in 2010 (Dole et al. 2011 , Trenberth & Fasullo 2012 and the USA in 2011/2012 (Hoerling et al. 2012) , each of which had severe effects.
Generally, most studies on temperature extremes have considered several indices based on maximum, minimum or daily temperatures (frequency, duration, intensity and heat waves). However, some more complex indices associated with climate ex tremes de pend on 2 meteorological variables; these indices in clude Palmer drought indices (Palmer Drought Severity Index [PDSI] and the self-calibrating PDSI; Palmer 1965 , van der Schrier et al. 2006 , and the Standardised Precipitation Evapotranspiration Index (SPEI), all of which are based on temperature and precipitation data (Vicente-Serrano et al. 2010) . Other indices quantifying the direct discomfort felt by the human body, such as the heat index based on air temperature and relative humidity (temperature− humidity index: THI) and cold index (wind chill equivalent temperature chart index: WCT) based on air temperature and wind speed, usually called thermal stress indices, have thus far been less analysed from the climatological point of view (in terms of trends and mechanisms controlling their variability), even though they are indicators of factors that can have serious impacts on human health. Information about long-term changes in thermal stress indices is of great social importance, in terms of understanding the effects of such changes on society (e.g. human health). Mohan et al. 2014) . The main climate parameters involved in their definition are air temperature, relative humidity and wind speed. Other more complex thermal indices are based on human energy balance, such as the Physiologically Equivalent Temperature and Universal Thermal Climate index (Nastos & Matza rakis 2012) . Usually, thermal stress indices are de fined separately for winter and summer.
Most studies on temperature extremes have revealed various large-scale circulation indices/ patterns as the main drivers of their variability at inter-annual to decadal/ multidecadal time scales. The best known are the El Niño− Southern Oscillation and Paci fic Decadal Oscillation (PDO) for the Northern Hemisphere (Kenyon & Hegerl 2008) , and for Europe, the strongest influence is given by the North Atlantic Oscillation (NAO), especially in winter (e.g. Hurrell & van Loon 1997 , Bojariu & Paliu 2001 . Other large-scale atmospheric circulation patterns in the Euro-Atlantic domain (Arctic Oscillation, Mediterranean Oscillation) to gether with more regional patterns (Scandinavian, Central European, East European and East Atlantic) have been studied to examine possible connections with climate extremes for European sub-regions (e.g. Tomozeiu et al. 2002 , Efthymiadis et al. 2011 . On a multidecadal time scale, European ex tremes have been shown to be influenced by the Atlantic Multidecadal Oscillation (AMO; Della-Marta et al. 2007 , Gámiz-Fortis et al. 2011 , Ionita et al. 2013 ).
Various statistical techniques have been used to establish connections between circulation patterns/ indices and regional climate extremes, starting from the simplest ones such as simple correlations (e.g. Efthymiadis et al. 2011) or composite maps (e.g. Tomozeiu et al. 2002 , Ionita et al. 2013 ) to multivariate techniques such as canonical correlation analysis (CCA; e.g. Zorita et al. 1992 , Busuioc et al. 2001 , Haylock & Goodess 2004 , Xoplaki et al. 2004 , Della-Marta et al. 2007 . CCA seems to be more adequate for reproducing the complexity of the mechanisms controlling regional climate variability, and was also used in the present study.
In Romania, previous studies have analysed variability in temperature extremes (e.g. Tomozeiu et al. 2002 , Busuioc & Tomozeiu 1998 , Busuioc et al. 2010 , Dumi trescu et al. 2014 ), but most of them used a limited number of stations or short intervals for analysis or did not discuss the details of the mechanisms controlling the variability in the extremes. In a recent paper by Busuioc et al. (2015) , 6 temperature extremes based on maximum and minimum temperatures (quantifying their intensity, frequency and duration), computed at a high spatial resolution (85 stations) for the 1961−2010 period were analysed, to identify the main spatial/temporal characteristics of their (simultaneously with the variability in precipitation extremes), on the one hand, and to understand the large-scale mechanisms re sponsible for this variability on the other hand.
The purpose of the present study was to analyse the long-term changes in 2 thermal stress indices across Romania using all stations with complete data records over the period 1962−2010. The thermal discomfort indices analysed in this study are among those presented by previous studies (e.g. Osczevski & Bluestein 2005 , Teodoreanu & Bunescu 2007 , Dikmen & Hansen 2009 or recommended by WMO (2004) . The long-term trends and shifts in the means, as well as the large-scale mechanisms responsible for this behaviour were analysed. This study is a first step in developing skilful statistical downscaling models to project future changes in thermal discomfort indices at a high spatial resolution across Romania that can be used in impact studies. These types of models are still necessary considering the low skill of the regional climate models (RCMs) in reproducing some climate parameters involved in the definition of the thermal stress indices, such as wind speed. Details on the methodology are provided in Section 2, the main findings are presented in Section 3, and our conclusions are summarized in Section 4.
DATA AND METHODS

Data
Using hourly/daily data of air temperature, relative humidity and wind speed recorded at all weather stations in Romania, with complete data records over the period 1962−2010, 2 indices that quantify heat stress were computed: the warmrelated THI, computed for the summer season at 87 meteorological stations, and the cold-related WCT, computed for winter at 61 meteorological stations. The names and locations of the stations used in this study are presented in Fig. 1 . The THI was computed based on hourly measurements to better capture the 'dangerous' values (see the THI definition below), while the WCT was based on daily data since, for the most part, the latter were a priori quality controlled using MASH software (Szentimrey 1997) . The daily wind speed values were additionally homogenized using the same software. The winter (WCT) and summer (THI) averages were then computed and their time series were further ana lysed as presented in Section 3.
THI uses air temperature and relative humidity to estimate an apparent temperature, i.e. the one felt by the human body. Normally, the body is cooled by perspiration, a process during which the water is evaporated, and as a result, the retained heat is reduced. When relative humidity is high, the water evaporation rate is reduced. This means a slower cooling of the body, which retains more heat than in dry air conditions. The THI is defined as:
where T A is air temperature (°C) and RH is relative humidity. The critical threshold above which the human body feels strong discomfort is 80 units (Table 1) . This index was presented by Teodoreanu & Bunescu (2007) and is one of the 9 indices suggested by Dikmen & Hansen (2009) . The spatial average (geographically across the country, over the entire period 1962-2010) of the occurrence probability for THI > 80 units is 6%, with large regional differences (lower probabilities in the intra-Carpathian region and higher probabilities in extra-Carpathian regions; 0 probability in the mountain region). The summer ) measured at 10 m. In this study, the WCT was computed for the wind speed projected at 2 m using the relationship FF 2 = FF 10 × 0.75 (Allen et al. 1998) , in order to have both meteorological variables measured at the same level (2 m). The WCT thresholds for various human sensations are presented in Table 1 .
The large-scale predictor data (air temperature at 850 hPa: T850; sea level pressure: SLP; specific humidity at 700 hPa: SH700) were downloaded from the NCEP / NCAR database (Kalnay et al. 1996) for the same period as local thermal indices (1961−2010) , in a spatial grid of 2.5° × 2.5°.
Methods
We computed the long-term linear trends of the THI and WCT over 1962−2010. The nonparametric Mann-Kendall (MK; Mann 1945 , Kendall 1975 , Sneyers 1975 , Kulkarni & von Storch 1995 and Pettitt (Pettitt 1979) tests were used to test the statistical significance of the linear trend and shifts in the mean of the time series analysed in this study. Changes in the relative frequency of 'dangerous' values for THI (using the Fr-THI) induced by the shift in the mean were also estimated. Spatial and temporal variability modes were identified by the empirical orthogonal function (EOF) technique (Wilks 1995 , von Storch & Zwiers 1999 . The EOF analysis is a multivariate statistical method whose main purpose is to reduce the dimensionality of a multivariate data set by transforming the original variables in a new set with considerably fewer variables, which is able to contain the variability signals of the original data set. The EOF technique removes the climate noise and retains most of the climate signal of large data sets. The first 2 EOF patterns (hereafter referred to as EOF1 and EOF2) and their associated time series (referred to as PC1 and PC2) are the most important. Because EOF1 explains most of the observed variance, it represents the primary spatial variability mode of the analysed data set, while the main temporal variability mode (trends, shifts, etc.) is summarized by PC1.
The large-scale mechanisms controlling the variability of the 2 thermal stress indices in Romania were analysed using CCA (e.g. Barnett & Preisendorfer 1987 , Zorita et al. 1992 , Busuioc & von Storch 1996 , Busuioc et al. 2001 ) applied between the spatial vectors associated with anomalies of the 2 indices (WCT and THI) and spatial vectors associated with anomalies of the large-scale predictors (T850, SLP and SH700). The large-scale predictors were considered either separately or in combination and represent dynamic (SLP) or thermodynamic factors (T850, SH700). When a combination of 2 or more predictors is used, their time series are first standardised by dividing the anomalies (deviation from the long-term mean) by the standard deviation. The standardised anomalies for each spatial predictor, in each season of the year, are then concatenated in a single spatial vector, hereafter referred to as combined predictors. This technique was proven -in a recent study on other climate extremes (temperature and precipitation) in Romania (Busuioc et al. 2015) -to be adequate in reproducing the complexity of the mechanisms controlling the regional climate variability, yielding more coherent mechanisms from the physical point of view. The CCA technique was also presented by Zorita et al. (1992) , Xoplaki et al. (2004) and Della-Marta et al. (2007) . Through CCA, the optimum linear combination for 2 multi-dimensional vectors (the predictand, i.e. thermal stress indices, and the predictor, i.e. the large-scale variables) and pairs of patterns are selected so that their associated time series are maximally correlated. Through the way it is constructed, the CCA method allows a physical interpretation of the mechanism controlling the variability of the regional climate parameters (see Busuioc & von Storch 1996 , Busuioc et al. 2001 . Before the CCA, the predictors and predictands are Uncomfortably hot 66 ≤ THI < 80 5
Severe danger from heat THI ≥ 80 Table 1 . Classification of the wind chill equivalent temperature chart index (WCT) and the temperature−humidity index (THI) in terms of the discomfort felt by the human body. Usually, the WCT is expressed in temperature-like units (°C), but it is not a temperature; rather, it only expresses a human sensation and likens the way human skin perceives the temperature on a calm day. The THI is expressed in dimensionless units projected onto their EOF space, and the most important ones (explaining most of the variance) are retained in the CCA. The CCA pairs are ranked in terms of magnitude of the canonical correlation coefficient between the time series associated with the CCA pairs (the first CCA pair showing the highest correlation coefficient, followed by the second one and so on), and not in terms of explained variance of the CCA pair patterns. To find the main mechanism controlling the local thermal stress indices in Romania, the optimum combinations of EOFs were considered in the CCA, so that (1) the explained variance of the predictor/ predictand in the first CCA pair is as large as possible; (2) the predictand CCA pattern is as similar to its EOF1 pattern as possible and explains about the same variance; and (3) its associated time series has, as much as possible, the same characteristics of variability (similar trend rate and shift in the mean) as PC1 of the selected predictand. Thus, if the predictor− predictand connection represented by this CCA pair is strong (high canonical correlation coefficient) and shows a reasonable mechanism from the physical point of view (as will be presented in Section 3.3), the similarity in the shifts of the time series associated with this CCA pair would give more confidence to stating that there could be a physical connection between the 2 signals, and that this mechanism could be responsible for the main variability mode of the predictand. This type of mechanism was presented by Busuioc & von Storch (1996) in the explanation of winter precipitation change at 14 stations in Romania over the interval 1901− 1987, with the SLP being considered as the predictor. Similar plausible mechanisms were later found by Busuioc et al. (2001) for monthly precipitation in Sweden and by Xoplaki et al. (2004) for precipitation variability in the wet Mediterranean season. In a recent paper by Busuioc et al. (2015) , this technique was refined for combinations of more predictors/ predictands, while in the present study, we used complex predictands (thermal stress indices) based on 2 climate variables.
RESULTS
Linear trends of thermal stress indices
Fig. 2a,b shows the linear trends of the 2 stress indices (THI, WCT) over the period 1962−2010. Before computing the trend, the original values were standardised to allow them to be compared with each other, as well as with trends of other climate variables (e.g. mean air temperature). An upward trend was revealed for both indices but was statistically significant (5% level) over the entire country only for THI and over a restricted area for WCT (mainly in eastern and mountainous areas); a downward trend (though not statistically significant at the 5% level) was evident for WCT for some isolated points, located in the intraCarpathian and southwestern regions. The WCT trend behaviour was roughly similar to the behaviour of the winter mean temperature (denoted by 'TT') trend (Busuioc et al. 2010) showing the TT contribution to the WCT variability. However, some differences were revealed: the winter TT ex hibited an upward trend over the entire country but was statistically significant only over some extra-Carpathian regions. This result could be explained by the additional influence of the wind speed variability upon the WCT variability. According to the results presented by , the wind speed trend in winter is a decreasing one over the entire country but is statistically significant only in the extra-Carpathian regions. The WCT trend rate was lower than the TT rate (see Fig. S1 in the Supplement at www. int-res. com/articles/ suppl/ c064 p213 _ supp. pdf), except for a large area in the southeastern part where the WCT trend rate was higher than the TT rate.
For THI, the highest rate of change was revealed in the southeastern part (the Black Sea coast excepted) and also in the eastern and central areas (Fig. 2b ). This behaviour is mostly similar to the behaviour of the summer mean temperature trend (Busuioc et al. 2010) , showing the prevalent air temperature contribution in THI variability, with some small regional differences: a higher rate for THI in the central part and a higher rate of the summer temperature in the southwestern part. This behaviour could be related to the reduced change rate of the relative humidity, as was shown by the linear trend of the summer relative humidity, showing no significant linear trend except for a small area of upward trend over the southwestern mountain area and a small area of downward trend in the intra-Carpathian region (see Fig. S2 in the Supplement). As a consequence, the THI trend magnitude is similar to that of the summer mean temperature trend.
The Pettitt test revealed a significant upward shift (5% significance level) around 1987 for WCT and 1985 for THI. This shift induced changes in the relative frequency of the extremes ('dangerous' values for human health) of the 2 indices. In this paper, we analysed the extremely high THI values (≥80) in summer. Since the time series associated with these events (Fr-THI) exhibits many 0 values, producing difficulties in the application of usual statistical tests, the differences between the relative frequency (empirical occurrence probability) computed over the 2 sub intervals induced by the statistically significant shifts in the mean (mentioned above) were calculated (Fig. 2c) . A strong increase in the frequency of extremely high THI was revealed, with the highest values (> 7%) covering the southern, southwestern and southeastern areas.
Spatial variability characteristics of thermal stress indices
As presented in Section 2, the main characteristics of the spatial and temporal variability for the 2 indices (WCT and THI) are summarized by the EOF analysis. For both indices, a small number (6−8) of variability modes (EOF patterns) explaining >1% of the total variance were found. The first pattern explains a significant percentage of the observed variance of these indices: 89% for THI and 73% for WCT. PC1 exhibits a statistically significant upward trend (with a higher rate for THI) for both indices, with a shift around 1985 for THI and 1987 for WCT (Fig. 3) . We found that the first EOF pattern (Fig. 3) for both indices presents the same sign over the entire country, suggesting that the variability of these indices is controlled by a large-scale mechanism, which will be examined in Section 3.3. A relatively homogeneous spatial variability (e.g. anomaly intensity) is shown by THI (Fig. 3b) , as opposed to WCT, where the spatial differences in the anomaly intensity are more marked (higher values in the eastern areas; Fig. 3a) . The second EOF (not shown) ex hibits a dipole pattern with some differences be tween the 2 stress indices: a NE−SW-oriented gradient for THI and an intra/extra-Carpathian pattern for WCT. The variance explained by this pattern is between 3% (THI) and 7% (WCT). This result shows the influence of regional factors (topography) on the variability of the winter index. 
Connection between WCT and THI anomalies and large-scale climate anomalies
As mentioned in Section 2, the CCA method identifies pairs of spatial patterns (predictor−predictand) whose associated time series are optimally correlated. Considering the fact that the 2 stress indices (WCT, THI) are based on air temperature, the T850 was first selected as a predictor, as it has been shown to be the best one for various temperature extremes (e.g. Busuioc et al. 2015) . However, the definitions of the 2 indices (see Section 2.1) suggest taking into account other large-scale variables such as SLP for WCT and SH700 for THI. The large-scale area between 5°−45°E and 35°−55°N, which proved to be an optimum predictor area for various climate parameters (including extremes) in previous papers (e.g. Busuioc et al. 1999 Busuioc et al. , 2006 Busuioc et al. , 2015 , was considered. The predictors used in CCA were considered either separately (T850, SLP) or combined: T850 and SLP for WCT, T850 and SH700 for THI (see details in Section 2.2 for the definition of combined predictors).
The first 2 CCA pairs representing the connection between T850 and WCT are presented in Fig. S3a in the Supplement. The first CCA pair associates positive T850 anomalies (°C) showing above-normal temperature at 850 hPa over almost the entire area (34% explained variance) with the nucleus covering all of Romania, to above-normal WCT values (positive ano malies, °C; 69% explained variance), similar to WCT EOF1 (with slightly less explained variance, 69% vs. 73%). This mechanism seems to be plausible from a physical point of view: an above-normal air temperature at 850 hPa, inducing above-normal surface temperature, appears physically plausible to as soci ate with a human sensation of warmth. The CCA1 pattern of WCT (Fig. S3a, top left) , showing the highest anomalies over the eastern regions, is not similar to the CCA1 pattern of T850 as was expected (Fig. S3a, bottom left) ; the T850 CCA1 mainly exhibits a north−south gradient over the Romanian area and is more similar to the T850 EOF2 (not shown, 31% explained variance); the T850 EOF1 (not shown) shows a dipole structure with a NW−SE gradient (44% explained variance). This result suggests that variability in the WCT is not controlled by the main mode of the T850 variability over the selected area. The time series associated with this pair show a very strong connection (correlation coefficient of 0.92) and exhibit a significant increasing trend with a . This result indicates that the increasing trend of WCT could be explained by the increasing trend of the T850 field covering Romania, but the spatial distribution of the WCT trend magnitude cannot be justified by this connection, which warrants the inclusion of an additional predictor as presented below.
The second CCA pair also shows a significant connection (correlation of 0.64) and associates a dipole T850 structure (with a north−south gradient, Romania being placed within the slightly negative area, near the zero line) with negative WCT anomalies in the intra-Carpathian region and positive ones in extra-Carpathian regions (probably influenced by the positive T850 anomalies covering the area north of Romania). The T850 CCA2 is a degenerated version of the T850 EOF1 representing a pattern with the gradient oriented NW−SE. This result again suggests that the T850 CCA2 pattern cannot completely justify the WCT CCA2 pattern in terms of the anomaly sign distribution that motivates the inclusion of an additional predictor, and this is given by the dynamic factor (surface atmospheric circulation) represented by the SLP anomalies. Fig. 4a -d presents the first 2 CCA pairs of connections between the T850−SLP combination and WCT. This connection is stronger than those obtained when the T850 alone is considered as a predictor, especially for CCA2, showing the additional importance of the SLP variability in WCT variability (correlation of 0.92 for CCA1 and 0.76 for CCA2). The T850 and WCT patterns of the CCA1 pair are also similar to those obtained when the T850 alone is considered as a predictor but with the nucleus of the highest T850 positive anomalies centred over Romania. The simultaneous variability of the T850 and SLP explains 26% of the total variance, while WCT explains 71%, similar to WCT EOF1 (73%). The SLP pattern shows a zonal circulation transporting a warmer Atlantic air mass to Romania; this air mass overlaps the warmer air mass over all of Romania induced by the positive T850 anomalies. The Western Plain is first affected and then, due to the obstacle presented by the Carpa thians, the extra-Carpathian regions are af fected, mainly the eastern part. This mechanism explains the highest positive WCT anomalies in eastern part, followed by the Western Plain, which cannot be justified when only the T850 is considered as a predictor (see Fig. S3a ). The CCA1 SLP pattern is quite similar to the CCA1 SLP pattern when only SLP is considered as a large-scale predictor (see Fig. S3b , left column) showing a similar atmospheric circulation over Romania; the CCA1 WCT pattern is also similar to those presented above for combined predictors. This result confirms the important role of the dynamic factor (atmospheric circulation) in the spatial distribution of the WCT anomalies. The time series associated with the WCT CCA1 pattern ex hibits characteristics similar to those presented above for WCT PC1 (compare Fig. 4e to Fig. 3c) , i.e. mainly a significant upward trend with an upward shift around 1987, simultaneous with the time series associated with the (SLP+T850) CCA1 pattern. When the SLP alone is considered as a predictor, the 2 time series associated with the CCA1 pair do not exhibit a similar shift (around 1987 for WCT and 1973 for SLP).
Therefore, even if the T850 alone could explain the observed WCT temporal variability in Romania (general trend), only the combination between the SLP and T850 in the mechanism revealed by the connection represented by the first CCA pair (presented above) can better explain the spatial pattern of the WCT trend (including the magnitude) and the shift in the WCT variability. The correlation (Spearman) between the CCA1 time series and NAO index presents a statistically significant correlation (0.47), showing the NAO modulation on the WCT variability at a decadal time scale. This correlation is also significant when the trend is removed from both time series, showing a true connection. The second CCA pair (correlation coefficient of 0.76) also shows a plausible physical mechanism: slightly positive T850 anomalies over Romania (inducing a slightly warmer air mass over Romania) with simultaneous bipolar SLP structure (19% explained variance, inducing anticyclonic southeastern circulation mainly influencing the eastern part of Romania; western Romania is influenced by the cyclonic southern circulation) are associated with positive WCT anomalies in the intraCarpathian regions and negative ones over the extraCarpathian regions (with the highest magnitude over the eastern regions; 4% explained variance). The negative WCT anomalies over the extra-Carpathian regions are induced by the anticyclonic southeastern circulations transporting a drier and colder air mass, which leads to air temperatures lower than the pre-existing ones due to the positive T850 anomalies, with the most affected being the eastern regions. The intra-Carpathian areas are protected by the Carpa thian Mountains.
The predictor patterns of the 2 CCA pairs are not similar to the patterns of their first 2 EOFs (not shown), indicating that the mechanisms controlling the WCT variability are given by regional patterns of the combination between the thermodynamic (T850) and dynamic (SLP) factors.
Regarding the THI index, similar to WCT, CCA was performed between THI and T850 as well as between THI and the T850−SH700 combination; the patterns of the first 2 CCA pairs are presented in Fig. S4 in the Supplement and in Fig. 5a-d , respectively. The mechanisms related to the connection between T850 and THI (Fig. S4 ) are similar to those presented above for WCT, the positive T850 anomalies being associated with positive THI anomalies. The connection is very strong (correlation of 0.93 for CCA1 and 0.75 for CCA2). The time series associated with the CCA1 pair exhibit a significant increasing trend with a shift around 1985 for THI (similar to THI PC1) and around 1990 for T850. The THI CCA1 pat- ; contours) and air temperature at 850 hPa (T850, °C; colours); parentheses above panels: canonical correlation coefficient/explained variance. (e,f) Time series (standardized anomalies) associated with the first 2 CCA pairs of the combined predictors (T850+ SLP) and WCT. For the CCA1 time series (left), the NAO index is also included tern (Fig. S4) is very similar to the THI EOF1, also including the explained variance (87% for THI CCA1 vs. 89% for THI EOF1; see Fig. 3 ). This result shows that the THI increasing trend in Romania could be roughly justified by the increasing trend in the summer T850 covering the Romanian area, which is in agreement with the behaviour of other temperature extreme indices (Busuioc et al. 2015) and seems to be a reasonable mechanism from a physical point of view as presented above for WCT. However, the difference between the moments the shift occurred for the predictor (T850) and predictand (THI), respectively -even if small (about 5 yr), which from a statistical point of view could be considered quite reasonable -and the fact that the THI increase started earlier than the increase of T850, could lead to the CCA pairs. For the CCA1 time series (left) the AMO index is also included conclusion that the real reason for the THI shift is not related to the T850 increase alone. Generally, the spatial distribution of the THI anomaly (with respect to the THI magnitude) follows the patterns of the T850 anomalies better than does WCT in wintertime: i.e. smaller values over the southwestern areas, similar to T850 anomalies, and a smaller spatial gradient over the Romanian territory. However, the small nucleus of higher positive THI anomalies over the southwestern area (Semenic-Tarcu Mountains) seems to have a different explanation, confirming the hypothesis presented above that the T850 alone could not justify all spatial and temporal characteristics of the THI variability. Analysing the linear trend in summer relative humidity over the same period, we found a nucleus of a significant increasing trend in this area (Fig. S2) , showing that other additional factors could also influence the THI signal, as expected considering its definition, even if the T850 is the predominant factor inducing the general in creasing trend. To prove this, the combination be tween T850 and SH700 was considered as a predictor. The CCA2 patterns representing the connection between T850 and THI (Fig. S4 , right) also show a plausible physical mechanism: a dipole T850 structure (NE−SW oriented) is associated with a dipole THI structure with the same gradient type, similar to THI EOF2 (not shown) that confirms the fact that the second mode of the THI variability is induced by the second mode of the T850 variability (thermodynamic factor), compared to WCT, when the dynamic factor is second by order of importance to the thermo dynamic one. When the combination of T850 and SH700 is considered as predictor, both of the first 2 CCA pairs ( Fig. 5a-d) show a strong connection and physically coherent mechanisms. The canonical correlation coefficient (0.93 for CCA1 and 0.65 for CCA2), THI CCA patterns and THI-explained variance are similar to those presented in Fig. S4 when the T850 alone is considered as the predictor. With respect to the T850 CCA patterns, they are also quite similar, but some different spatial details can be revealed: the nucleus of the highest T850 positive anomalies in the CCA1 is centred over Romania, compared to the north-position in the previous case; in the CCA2, a smaller area with positive T850 anomalies in the southwestern part is noted. The inclusion of the SH700 as a predictor does not yield supplementary information related to the THI climate signal (with respect to the general trend) in comparison with the previous case, but the time series associated with the CCA1 pair exhibit similar shifts around 1985 for both THI and the combined predictors (T850+ SH700), similar to THI PC1; in the previous case, the THI upward shift started 5 yr earlier than the increase of the predictor (T850), showing that the latter could not be the reason for the former. Therefore, we can state that the combination of T850 and SH700 can better explain the changes in various characteristics of THI variability, and this gives the results more physical coherence as summarised in the following. In the CCA1 pair, higher positive SH700 anomalies covering southwestern Romania (influencing mainly the mountain area, e.g. Semenic-Tarcu Mountains) -superimposed over a higher air temperature due to the highest positive T850 anomalies covering Romaniacould better justify the THI CCA1 pattern, as presented for the THI EOF1 (Fig. 3) . The highest anomalies in mountain areas are explained by the effect of topography on air humidity. In the case of the CCA2 pair, the THI positive anomalies over the southeastern area are explained by higher positive SH700 anomalies covering this area, contributing to a slight deviation of the THI CCA2 pattern from a NE-SW gradient-like pattern due to a NE-SW gradient-like T850 pattern. The time series associated with the CCA1 show very coherent variation and suggest multi-decadal behaviour that is supported by a comparison with the AMO index (see Fig. 5e ).
The predictor patterns of the 2 CCA pairs are similar to the patterns of their first 2 EOFs (not shown), indicating that the main modes of spatial and temporal THI variability in Romania are induced by the main modes of simultaneous variability of T850 and SH700 with a prevailing T850 that is not true for the WCT variability, which is given by regio nal patterns of the combination between the thermodynamic (T850) and dynamic (SLP) factors. On a multi-decadal time scale, variability in THI is modulated by the AMO. This result is in agreement with the behaviour of other indices of summer temperature extremes in Romania (Busuioc et al. 2015) and on the European scale (e.g. Della-Marta et al. 2007 , Ionita et al. 2013 . The time series associated with the CCA2 pair also exhibit a coherent year to year variation (Fig. 5f ).
CONCLUSIONS AND DISCUSSION
As presented above, the purpose of this study was to identify the main spatial/temporal characteristics of variability for the 2 thermal stress indices on the one hand, and to understand the large-scale mechanisms responsible for these characteristics on the other. The main conclusions that can be drawn from this analysis are summarized in the following.
(1) A significant upward trend in both stress indices is evident over the entire country, except for some areas for WCT, with a significant upward shift around the year 1987 for WCT and 1985 for THI. The rate of change (increase) is higher for THI. This signal is in agreement with the signal related to mean temperature and other temperature extremes analysed in Romania (Busuioc et al. 2010 (Busuioc et al. , 2015 , but it is weaker for WCT compared to the winter mean temperature signal, due to the combined effect of the significant decreasing trend of wind speed over the entire extraCarpathian region and the upward trend in winter mean temperatures over some extra-Carpa thian areas. This signal is also influenced by the nonlinear relationships between WCT and air temperature and wind speed. Another definition for the winter cold index could lead to a different result in terms of the signal magnitude. In summer, the effect of relative humidity on the THI trend is not significant due to no significant changes in this parameter over the analysed period. The upward shift found in this paper for the 2 thermal stress indices in about the same year (e.g. mid-1980s) is in agreement with the results presented by Vicente-Serrano et al. (2010) , suggesting that the increasing drying trends de tected in the SPEI global datasets over many land areas are due to a certain degree to the increasing temperature trend occurring in the mid-1980s. Therefore, our findings show that the increasing trends detected in the 2 thermal stress indices in Romania seem to be mainly a consequence of global warming, while other regional factors modulate the magnitude of this global signal that is well captured by the first CCA mode.
(2) The shift in the mean of the 2 thermal stress indices induced changes in the relative frequency of their extremes ('dangerous' values for human health). In this study, we only analysed the THI extremes. A significant increase in the frequency of extremely high THI values (> 80 units) after 1985 was revealed, showing an increased risk for human health in Romania after that year, especially in the southern and southeastern regions where the frequency was > 7%. This behaviour is mainly due to an increase in the frequency of very high summer temperatures over these areas, in agreement with the results presented by Busuioc et al. (2015) .
(3) The leading variability modes of both indices exhibit the same sign over the entire country and explain a high fraction of the total observed variance (89% for THI and 73% for WCT), with some spatial differences between them, suggesting the existence of large-scale mechanisms responsible for this behaviour. These mechanisms are identified through the CCA technique, being represented by the first CCA mode. The second mode (explained variance of 3% for THI and 7% for WCT) presents a dipole structure, with some differences between the 2 indices in terms of pattern structure (NE−SW-oriented gradient for THI and intra/extra-Carpathian for WCT): we found that the reason for this behaviour is mainly given by thermodynamic factors in the case of THI (T850) and by dynamic factors (atmospheric circulation given by the SLP anomalies) in the case of WCT, as is shown by the second CCA mode.
(4) The main large-scale mechanisms responsible for the spatial and temporal behaviour of the 2 stress indices are given by the first CCA pair derived from the connection between the combination of T850 with SLP (thermodynamic and dynamic factors) for WCT (Fig. 4) and the combination of T850 with SH700 (thermodynamic factors) for THI (Fig. 5 ). In the case of WCT, the large-scale patterns for the first CCA mode reveal positive T850 anomalies over almost all of Europe (with a nucleus of the highest anomalies centered over Romania) simultaneously with a western zonal circulation (transporting warmer Atlantic air masses to Romania) that are as so ci ated with positive WCT anomalies over Romania. A significant increase in the frequency of such patterns since 1987 was found, justifying the upward shift of the WCT in Romania in the same period. Each of the large-scale predictors (T80, SLP) has a specific role: the general signal (upward trend) is induced by the T850 change, while the spatial distribution of change magnitude is induced by the atmospheric circulation change, modulated by NAO on a decadal time scale, the local factor represented by the Carpathians having an important additional role. In the case of THI, the main characteristics of changes (upward trend, shift in the mean and spatial distribution of the change magnitude) could be justified by the increasing trend in summer temperature at 850 hPa simultaneously with an increasing trend in specific humidity at 700 hPa over almost the entire country. On a decadal/multidecadal time scale, the THI variations are modulated by the AMO.
(5) The connection given by the first 2 CCA pairs is very strong for both indices, showing that these results can further be used in developing skilful statistical downscaling models (SDMs) to project future changes in the thermal stress indices in Romania (including their extremes) at local scales, producing high-resolution information useful in impact studies on human health and other domains.
(6) Finally, we can conclude that regional studies on changes in thermal stress indices (as presented here for Romania) are very important, considering the regional behaviour of changes in some climate variables included in their definition such as wind speed and relative humidity. It is known that temperature changes (as derived from observations as well as from future climate change scenarios) are quite homogeneous over large areas compared to changes in other climate variables. On the other hand, due to the poor performance of the regional climate models (RCMs, the most physically plausible sources of future climate change scenarios) in simulating wind speed, and their spatial resolution that is not always appropriate for local impact studies, no plausible projections of future changes regarding thermal stress indices are expected to be calculated directly from RCM simulations. A possible solution is to build skilful SDMs based on a strong statistical relationship between the local thermal stress indices and largescale climate variables well simulated by RCMs. Such a strong relationship was found in this study for Romania, and the next step is to build such SDMs. 
